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Double-barrelled pH-sensitive micro-electrodes were used to record changes of extracellular pH during 
repetitive stimulation of isolated rat vagus nerves. It was found that a small initial alkaline shil) was fol- 
lowed by a prolonged acidification. The acidification was correlated in time with the poststimulus under- 
shoot o[" the extracellular K + activity and with the recovery phase of the nerve conduction velocity. In 
the presence of ouabain, the acid component of the pH change was completely abolished (indicating a
metabolic origin), whereas the alkaline component remained unaltered. These pH changes were too small 
to make a significant contribution to the activity-related changes in conduction velocity of the vagal ('- 
fibres. 
Activity in central and peripheral nerve fibres is accompanied by alterations of 
their excitability. The possible contribution of changes in extracellular pH (pHi.) to 
modifications of axonal excitability has, however, remained a matter of speculation. 
A recently designed neutral carrier-based hydrogen ion-selective micro-electrode [1] 
has now enabled us to obtain information about activity-related pH changes in rat 
ventral roots and vagus nerves. Whereas activity of the myelinated nerve fibres in 
the spinal roots was not accompanied by a detectable (i.e. bigger than 0.01 pH units) 
rise or decrease of pH~ [4], unmyelinated nerve fibres in rat vagus nerves did show 
such alterations. The data from the latter preparation are described in the present 
paper. 
Cervical vagus nerves were isolated from urethane- or thiogenal-anesthetized rats 
and the connective tissue sheath was removed. The experiments were performed in 
a small temperature-controlled p rspex bath (25-30 C) through which a solution of 
the following composition was pumped (in mM): NaCI 118, KC1 3, CaCI: 1.5, 
NaHCO~ 25, NaH2PO4 1.2, MgCl21, glucose 10. The free nerve ends were drawn into 
a pair of glass suction electrodes which allowed stimulation and recording of com- 
pound potentials. Stimulus strength was adjusted above the maximal amplitude of 
the C-fibre component. Double-barrelled pH- (Fluka 82500) and K +-sensitive (Corn- 
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Fig. 1. Changes inpile during electrical stimulation ofrat vagus nerve. (A) shows an experiment i  which 
stimulus trains of different frequencies and constant duration were used. (B) compares the changes inpH,. 
with the changes inaKe and with the latency of the C-fibre compound action potential recorded concur- 
rently. The recording of the latency required intermittent trains of stimuli: trains of 30 Hz frequency anti 
400 ms duration were applied every second for a period of 60 s (mean rate 12 Hz). The latency recorded 
was of the first action potential ineach 400 ms train. 
ing 477317) micro-electrodes were built as described elsewhere [7] (tips broken under 
visual control to a diameter of 1-2 #m). pH was calculated by means of calibration 
curves obtained for each electrode with 3 different standard pH solutions. An activity 
coefficient of 0.74 was used to calculate the extracellular potassium activity (aKe). 
The latency of the compound C-fibre potential was monitored continuously by 
means of an analog circuit [4]. 
Fig. 1A shows activity-related pile changes in an isolated rat vagus nerve during 
stimulation trains of different frequencies. The typical observation was a biphasic pH 
change, consisting of an alkaline shift at the onset of the stimulation period followed, 
after about 20 s, by a prolonged acidification. The maximum changes of pile during 
stimulation trains of 30 Hz, 30 s duration, were 0.02 pH units in the alkaline direction 
and 0.05 pH units in the acid direction. The acid phase had its maximum after the 
end of the stimulation period and lasted up to several minutes. Such an alkaline-acid 
sequence of activity-related pH~ changes has been previously described in mamma- 
lian cortex during stimulation, spreading depression and cerebral ischemia [8, 9, 13], 
and also in working skeletal muscle [6, 12]. Fig. 1B compares the changes in pH~ to 
those in aKo and the latency of the C-fibre compound potential. The acidification 
decayed with a similar time-course to the aK¢ undershoot and the recovery of the 
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Fig. 2. Effects of ouabain on stimulus-induced changes in aK~, pile and latency of the C-fibre compound 
action potential. After 2 stimulus trains in normal bathing solution (intermittent stimulation used, as de- 
scribed in Fig. I), the vagus nerve was stimulated ag in in the presence of ouabain. Note that ouabam 
blocked both t e postslimulus aK~ undershoot and the recovery from the increase in latency, and it also 
completely abolished the acidification. 
latency. Previous data have shown that aKe undershoot and changes in latency are 
related to the time it takes the Na+-pump to decrease the intracel lular Na + concen- 
tration to its baseline level [3-5, 10]. It seemed likely, therefore, that the acidification 
was also metabol ic in origin. 
To test for a metabol ic  source of  the acidif ication we used ouabain to block the 
Na+,K ~ -pump (Fig. 2). In the presence of  ouabain,  nerve activity resulted in a rise 
of  aK,., an increase in latency and an initial alkal ine shift. All 3 effects were quantita-  
tively similar to those in the normal  bathing solution. On the other hand, ouabain 
blocked both the postst imulus aKe undershoot and the recovery from the increase 
in latency, and it also completely abol ished the acidification. Replacement of  NaCI 
by equimolar  LiC1 to prevent activation f  the Na+-pump had similar effects. These 
observat ions indicate, in accordance with previous interpretat ions [8, 9, 12], that inhi- 
bition of the energy consumpt ion by the Na+-pump and the subsequent lactate pro- 
duction are responsible for the absence of  the acid release. The experiment also 
reveals the importance of  the rise in intracel lular Na + to the change in latency of" 
C-fibres. This is in contrast  o myel inated nerve fibres, in which the membrane hyper- 
polar izat ion due to electrogenic Na + pumping, and not the Na + influx itself, seems 
to be the factor underlying the increase in latency [4]. 
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The origin of the alkaline shift is more obscure. Our results enable us to exclude 
two of the mechanisms previously proposed for this phenomenon. The alkaline shift 
can neither be related to an increased CO2 washout due to enhanced blood flow [13] 
(since it is clearly visible in an isolated preparation), nor be due to the splitting of 
intracellular phosphocreatine [! 2] (since ouabain should have also blocked this pro- 
cess [2, 11]). Although we have found that Cd 2 + (0.05 mM) considerably reduces the 
alkaline shift, in agreement with observations on the cerebellum [8], we cannot justify' 
the conclusion that Ca 2 ~ is involved. Cd • ~ also reduced the conduction velocity, ac- 
tion potential amplitude and the stimulus-related release of potassium and acid, indi- 
cating an unspecific effect of Cd 2 + on excitability rather than a specific action on the 
alkaline shift. An alternative possibility is that protons enter the fibres passively 
through voltage-sensitive channels opened uring the action potentials. 
Finally, we were concerned with the possible contribution of changes in extracellu- 
lar pH and aKe to the activity-dependent excitability changes een in the unmyeli- 
nated nerve fibres. In several experiments pile and aKe were passively changed in the 
bathing solution. The changes in latency of the C-fibre potential were negligible com- 
pared with those evoked by stimulating the fibres (Fig. 3). This indicates again that 
the rise in the intracelllular Na + activity is the most important factor responsible for 
the stimulus-related decrease in conduction velocity. 
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Fig. 3. Lack of importance of activity-related changes in the extracellular ionic environment for the excit- 
ability of the C-fibres. In this experiment, stimulus-related changes of pile and aKe were compared with 
passive alterations of these parameters: At the beginning and end of the recording, intermittent s imulation 
was used as described in Fig. 1. Between the stimulation periods, firstly, the HCO3- concentration i  the 
bathing solution was lowered from 25 to 16 mM at constant pCO2, and, secondly, the K + concentration 
was increased from 3 to 7 mM. 
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